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An analytical method is presented based on reverse isotope dilution single detector induc-
tively coupled plasma magnetic sector mass spectrometry (ID-ICP-SMS) and applied to the
specific case of the certification of a 111Cd enriched candidate Cd spike calibration material
(nominal mass fraction 10 mg kg1 in 5% HNO3 solution). Uncertainty propagation was used
as a tool for both determining the analytical approach and validating it. The robustness of close
to “exact matching” reverse IDMS to correction of measured isotope intensities for multipli-
cative (mass discrimination) and (semi)additive effects (dead time, instrumental background,
and isobaric interference) is discussed. The very low experimental relative standard deviation
of the mean (0.08%) of eight replicate determinations indicated that all significant sources of
uncertainty had probably been taken into account for the estimation of the final combined
uncertainty statement (Uc  0.17%, k  1). IRMM-621 was used as comparator. Uncertainties
on IUPAC isotopic abundances of 111Cd and 112Cd, for the natural Cd solution involved
between the two enriched materials, formed nearly 60% of Uc. The repeatability of the isotope
ratio measurements contributed less than 10%. Correction for procedural blank necessitated
somewhat unusual calculations (potential contamination of an enriched material with natural
Cd). The procedure also involved a quadrupole based ICP-MS judged to be appropriate for the
characterization of the isotopic composition. For comparison purposes, direct IDMS results are
simulated using identical experimental input data. Finally, a significant background signal in
the 106–116 mass region, observed only with the magnetic sector instrument, was attributed
to argon based isobaric interferences. (J Am Soc Mass Spectrom 2005, 16, 708–716) © 2005
American Society for Mass SpectrometryIsotope dilution mass spectrometry (IDMS) was rec-ognized as having the potential to be a primary ratiomethod of measurement [1]. When applied cor-
rectly, it can be of “practical use in establishing trace-
ability to the SI unit system” [2] and accurate results
with sufficiently small uncertainties can be achieved.
The advantages and disadvantages of the IDMS method
have been discussed [3, 4] since its invention nearly 50
years ago. One of the significant advantages over other
approaches is that the analyte recovery does not have to
be quantitative, providing that isotopic equilibration
has been achieved between all of the analyte and added
spike material. Commonly there is the reverse IDMS (or
two-way IDMS) whereby the spike material is cali-
brated against a well-characterized assay material. The
alternative is direct IDMS (or one-way IDMS) which is
faster but requires a spike material already reliably
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doi:10.1016/j.jasms.2005.01.022certified “once for all” for the element content and
isotopic composition. Direct IDMS has the potential to
lead to relative combined uncertainties on the amount
content determination of 1% (k  2) even with quad-
rupole ICP-MS (inductively coupled plasma mass spec-
trometry) instrumentation [5]. In many cases this is
entirely fit for the purpose and a better commercial
availability of certified spike materials, carrying SI
traceable values with demonstrated small uncertainty,
should help the use of direct IDMS to spread. Merck
(Darmstadt, Germany) launched the production of new
sets of isotopically enriched materials that enable un-
certainty targets of 2% (k  2) or better for ID based
methods, when correctly applied. A joint project with
the Institute for Reference Materials and Measurements
(IRMM) [6] was set up to certify isotopically enriched
spike calibration solutions. Within that project, a 53Cr
enriched solution was recently characterized [7]. It was
also decided to certify the isotopic composition and the
amount content of a 111Cd enriched solution because of
the important demand on measurement of the Cd
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[8–12].
There was no suitable natural Cd certified reference
material in our possession that would have allowed us
to implement direct IDMS for this certification. Rather
than preparing and characterizing one from high purity
Cd metal, we developed a reverse ID-ICP-MS proce-
dure, using as a constraint a target relative expanded
uncertainty of 0.5–1% (k  2) on the Cd content. Our
paper, through the description of the way we carried
out this project, examines the merits and limitations of
close to “exact matching” reverse IDMS involving two
isotopically enriched materials (the 111Cd enriched
IRMM-621 against the Merck candidate Reference Ma-
terial). Our experimental results allowed us to investi-
gate in particular the robustness of the correction of
measured isotope intensities for multiplicative (mass
discrimination) and (semi)additive effects (dead time,
instrumental background, and isobaric interference), as
well as the potential for low final combined uncertain-
ties, achievable with single detector ICP-MS and not
necessarily with more complex instrumentation (multi-
ple detector ICP-MS or thermal ionisation mass spec-
trometry, TIMS). This work was originally presented at
the 2003 European Winter Conference [13].
Experimental
Instrumentation
The measurements were of two kinds and were per-
formed on two different ICP-MS instruments. An Ele-
ment2 (double focusing single detector) was employed
at low mass resolution for the measurement of the
IDMS blend solutions. The determination of the isotopic
composition (on nonspiked samples) was performed on
a quadrupole based ICP mass spectrometer Elan 6000
(Perkin-Elmer Sciex, Ontario, Canada). Both instru-
ments were operated with a noncooled quartz mini-
cyclonic spray chamber (P/N 809-0188, Cinnabar, Glass
Expansion, West Melbourne, Australia), fitted with a
MicroFlow (50 L min1) PFA nebulizer (no. 50-1142,
CPI International, Amsterdam, The Netherlands) for
the Element2, and with a forced low-flow concentric
glass nebulizer (P/N 1110720, MicroMist, Glass Expan-
sion, West Melbourne, Australia) for the Elan 6000. All
the measurements were carried out in the pulse count-
ing mode, and the dead time effects [14] were corrected
following specific methods described elsewhere [15]
(using Method 2 for the Element2 and Method 4 for the
Elan 6000). Dead time values of 14 4 ns (k  2) and 57
 10 ns (k  2) were found for the Element2 and the
Elan 6000, respectively.
Reagents, Reference Materials, and Labware
A Milli-Q system (Millipore, Bedford, MA) was used for
the production of ultra-pure water. All dilutions were
prepared using ultra pure, concentrated nitric acid(Ultrex, J.T. Baker, Phillipsburg, NJ). The 111Cd enriched
candidate spike material (Merck, Darmstadt, Germany)
was delivered in four small PFA bottles (as 5% HNO3
solutions). The Isotopic Reference Material IRMM-621,
certified for the Cd amount content and isotopic com-
position, was available in a sealed quartz ampoule (1
mol L1 HNO3 solution). The cadmium solution of
natural isotopic composition [16] that served as a link
between the two isotopically enriched materials was
from Johnson Matthey GmbH (Karlsruhe, Germany).
The Cd mass fraction was 10 mg kg1 for the three
types of solutions. Only new labware material (bottles,
vessels, tips, syringes etc.) was employed and it was
cleaned thoroughly following a procedure described
elsewhere in detail [5].
Analytical Procedure and Sample Preparation
Two sets of blends (for close to “exact matching”
reverse IDMS) were prepared. First, samples of the
isotopically enriched Merck material were spiked with
aliquots of the natural cadmium solution and second,
samples of the same natural-like cadmium (from the
same bottle) were spiked with aliquots of the IRMM-621
111Cd enriched material. All spikes were added gravi-
metrically. The cadmium amount content in the Merck
material was calculated as follows (eq 1):
CxCz ·
mz
mx
·
my
my
′Ry Ry ⁄Ry_meas ·RM1Ry ⁄Ry_meas ·RM1Rx
Rz Ry ⁄Ry_meas ·RM2Ry ⁄Ry_meas ·RM2Ry · i Rxii RziBblk (1)
x, y, z, M1, and M2 indices denote the sample (i.e., the
isotopically enriched 111Cd Merck solution), the natural
Cd solution, the IRMM-621 spike, the blend of the
Merck and natural Cd solutions, and the blend of the
natural Cd solution and IRMM-621, respectively; c, m,
individual R, and R indicate successively cadmium
amount contents, masses, the n(112Cd)/n(111Cd) isotope
ratios and the sum of all ratios (all referenced to
n(111Cd)). Bblk corresponds to the correction for possible
contamination (procedural blank covering all individ-
ual steps of the measurement process) and will be
described in detail later. The Ry_meas is the measured
ratio in the natural Cd solution.
For convenience, the expression (Ry/Ry_meas), rep-
resenting the correction for mass discrimination, will
be expressed as “K-factor” in the rest of the paper.
In total, 16 blends were gravimetrically prepared,
eight blends for each set (two blends per Merck bottle
provided and eight blends to characterize the natural
Cd solution). The mixtures were diluted with 2%
HNO3 in two steps to reach the Cd mass fraction of
approximately 2.4 ng g1. Nonspiked Merck solu-
tions, reserved for the isotopic composition determi-
nation, were diluted to 3.3 ng g1 of Cd. All sample
w (m
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ratory conditions.
ICP-MS Isotope Ratio Measurements and
Correction for Mass Discrimination Effects
The ICP-MS experimental conditions used for the
cadmium isotope ratio measurement are listed in
Table 1. Correction for mass discrimination effects
was performed externally using the “bracketing ap-
proach”. At low mass resolution the Element2 pro-
duces flat-topped peaks and the repeatability of iso-
tope ratio measurements is up to 5–10 times better
than what is obtained with the Elan 6000 [17]. How-
ever, the relative uncertainty on the correction for
mass discrimination effects might be larger in the first
case than in the second. Isotope ratio measurements
require fast scanning across masses of interest and
thus, since the magnetic field cannot be changed
quickly enough, it is kept constant while varying the
acceleration voltage and the voltage applied to the
electrostatic filter instead (“E-scan” mode). However,
according to the Liouville’s theorem [18], the reduc-
tion of the acceleration voltage (to increase the mon-
itored mass) leads to an expansion of the ion beam
size. This effect might, in turn, lead to a reduction of
the ion transmission rate and the apparition of a mass
discrimination effect in favor of the lightest ions that
is specific to the Element2 [17, 19]. As this effect must
be monitored specifically for each pair of isotopes,
the Element2 was used only for the blend isotope
ratio measurements. For the determination of the Cd
isotopic composition, considering the large number
of ratios to measure, the Elan 6000 was used instead.
It allows a straightforward implementation of the
linear model [20] to calculate K-factors specific to
Table 1. ICP-MS experimental settings
Parameter \ instrument
Plasma, auxiliary and sample gas flows 16
RF power 11
Detection mode pu
Nebuliser se
Sensitivity on 103Rh (1 ng g1) 
Dead time correction 14
Number of scans 4
Isotopes monitored 11
Sample time \ dwell time 10
Scan type \ scan mode E-
Samples per peak 10
Mass window 10
Settling time 1
Total acquisition time per sample 5:
Guard electrode Gr
Focus lens \ lens voltage 
Applied mass resolution loeach isotope ratio and was better suited to the taskthan the Element2. During the ICP-MS measure-
ments, ample rinsing time was allowed between the
samples to avoid cross-contamination problems.
Evaluation of the Measurement Combined
Uncertainties
The aim of the calculations for combined uncertain-
ties on the final results is to account for all individual
uncertainty components identified along the entire
measurement process, and which therefore were in-
cluded in the model equation to reflect the perceived
reality. All uncertainties indicated are expanded un-
certainties Uc  k · uc where uc is the combined
standard uncertainty and k is a coverage factor equal
to 2 (unless otherwise stated). Calculations were
carried out according to the ISO/GUM guidelines
[21]. In practice, a dedicated software program [22]
was used, based on the numerical method of differ-
entiation [23].
“Additive” corrections commonly applied to the
individual isotope signal intensities measured in-
clude those for the instrumental background, the
isobaric interferences and to some extent, the dead
time effect. These factors cannot be neglected and can
even have major contributions to the combined un-
certainty. However, propagating these uncertainties
directly with the repeatability of the measurements of
the individual isotope signal intensities can lead to a
gross overestimation of the resulting combined un-
certainty. To avoid this risk and for the combined
uncertainty calculations only, “additive” corrections
on intensities were translated into multiplicative
unity correction factors on ratios following a method
Element2 Elan 6000
.85; 1.120 L min1 14.8; 1.00; 0.98 L min1
1150 W
ounting pulse counting
pirating pumped (16 rmp)
06 counts s1 150 000 counts s1
ns (k  2) 57  10 ns (k  2)
0 6  400
112Cd, 118Sn 106Cd, 108Cd, 110Cd,
111Cd, 112Cd, 113Cd,
114Cd, 116Cd, 118Sn
20 ms
peak hopping
-
-
-
in 8:16 min
ed -
9.8 V (autolens OFF)
/m  300) -.0; 0
25 W
lse c
lf-as
1.8 1
 4
 25
1Cd,
ms
scan
0
%
ms
03 m
ound
925 Vdescribed elsewhere [24] and as described in eq 2.
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DT, Bckg and inter are unity factors carrying the
standard uncertainty (in relative terms) associated to
the corrections for dead time effects, instrumental back-
ground and isobaric interference, respectively. R is a
ratio value corrected for these three parameters, and R0
is a measurement result carrying as standard uncer-
tainty the measurement repeatability.
Results and Discussion
Peculiar Instrumental Background Signal
with the Element2
It is well known that cadmium ICP-MS measurements
can possibly suffer from the presence of specific inter-
fering species. If the sample contains high amounts of
molybdenum or zirconium, oxide-based ions of these
elements are likely to form and will interfere on all
cadmium isotopes. Removing these interferences would
require even greater instrumental mass resolution ca-
pabilities than are possible for a “high-resolution”
ICP-MS like the Element2 (i.e., m/m  10,000). The
problem is identical with the isobaric interference of the
105Pd, 106Pd, 112Sn, 113In, 114Sn, and 116Sn isotopes on the
105Cd, 106Cd, 112Cd, 113Cd, 114Cd, and 116Cd isotopes. In
the present study, the matrices of all sample solutions
involved were very simple (essentially 2% HNO3) and
none of the interfering species described before were
likely to be observed. This was verified by means of the
measurements made with the Elan 6000 on Merck
solutions prepared at different dilution levels, on the
natural Cd solution used for mass discrimination deter-
mination, and on the rinse solution (2% HNO3 only).
Only traces of tin could be detected and therefore the
118Sn isotope was always monitored (300 cps) to-
gether with the Cd isotopes to correct for Sn interfer-
ence. Element2 measurements caused some surprise in
that quite large background signals (up 4400 cps on
112Cd for instance) were observed in the 106–116 mass
region that could not be matched with either Sn or Cd
isotopic patterns. These interferences could not be re-
lated to any species originally present in solution, and
running the same sample on the Elan 6000 did not lead
to any equivalent interfering signals (several hundreds
cps expected considering a factor 10 difference in
sensitivity between the two instruments). The hypoth-
esis of interference caused (at least for some of them) by
polyatomic species based on argon atoms, and specific
to the Element2, was therefore quite plausible. In the
high mass resolution mode (m/m  10,000) some of
these species could be separated from their correspond-
ing Cd isotope signal and thus their mass determined
(Figure 1) using the known mass of the 114Cd isotope as
an internal reference. Masses measured for the interfer-
ing signals on 112 and 113 mass units (1 and 2) fit
well with those of polyatomic ions 40Ar2
16O2
	 and40Ar2
16O2
1H	, respectively. To our knowledge, the ob-servation of such species has never been reported,
although the formation of such ions has already been
described as possible [25]. Similarly, signals for masses
114 and 116 (3 and 4) could be potentially explained
by 40Ar58Ni16O	 and 40Ar60Ni16O	, respectively. 40Ca
could also be involved in these interferences as it is very
close in mass and isotopic abundance to 40Ar. Addi-
tional experiments were performed to better character-
ize these “ghost peaks”; the results will be discussed in
a separate paper. For the present project, these interfer-
ences did not cause a major problem since the signal-
to-background ratio on the 112Cd isotope was 50 and
150 for blend and natural cadmium solution measure-
ments, respectively. As the interference signal was
observed to drop during the measurement session a bit
faster than the 112Cd isotope signal (about 16 and 9%
drop, respectively, over 4 h), the correction for instru-
mental background was continuously adjusted accord-
ingly.
Design of the Reverse ID-ICP-MS Measurement
Sequence
Theoretical optimum blend ratios (for both series) were
calculated using the minimization of the expected com-
bined uncertainty on the Cd amount content as a
constraint (	1%; k 2). The final combined uncertainty
was simulated using realistic values for the input quan-
tities, such as repeatability of isotope ratio measure-
ments and standard uncertainties on the corrections for
dead time effects and instrumental background. It was
tested across a wide, though realistic, 1.7 – 0.02 range of
blend ratios, corresponding to 4,500,000–100 count s1
for the 111Cd	 signal intensities. This simulation took
into account the theory on minimization of the “error
magnification factor” linked to the sample-to-spike ra-
tio [3], and also the necessity to maximize the signal-to-
noise ratio and to achieve a compromise (Poisson
theory versus dead time effects) for the counting statis-
Figure 1. Successful resolution of spectral interference using
high mass resolution power (m/m  10,000). Aspirated diluted
Cd solution (0.05 ng g1). The signals labeled 1 to 4 corre-
spond to the interfering polyatomic ions.tic. As both enriched materials (Merck and IRMM-621)
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tion, the optimum conditions for each series of blends
was also similar: 0.2 g of the natural Cd solution
blended with0.3 g of each of the isotopically enriched
materials, leading to n(112Cd)/n(111Cd) ratios 0.2.
Thus, despite the difficulty of dealing with an “un-
known” Merck sample enriched in 111Cd, the conditions
of close to “exact matching” [26] could be fulfilled.
Watters et al. [27] have indicated that “the most accu-
rate results are achieved in isotope dilution analysis
when the spike is calibrated, and the unknown samples
are analyzed at the same time”. In our project, the
Element2 measurement sequence was based on the
alternation of blend samples from the two series, form-
ing eight successive pairs of samples themselves brack-
eted by two measurements of the natural Cd solution.
With this arrangement, as described in eq 1, same
measured ratios, Ry_meas, were used to correct for mass
discrimination effects of the two types of blend ratios,
and the same reference ratio, Ry, was involved in the ID
and in the K-factor calculations. These precautions also
made possible the simulation of direct IDMS results
(discussed below), with identical corrections and using
the same experimental data for the measured ratios (a
theoretical concentration of the natural Cd solution,
employed as spike, was worked out from the reverse
IDMS results).
“Exact Matching” Reverse versus Direct ID-ICP-
MS: Sensitivity to Correction Terms
Milton and Wielgosz [26] have explained how, provid-
ing that the measurement conditions remain stable
between blend samples from the two series, “exact
matching” brings robustness against effects commonly
referred to as a general “mass bias” and implemented
Figure 2. Typical evolution of the “sensitivity coefficient” (nor-
malized to 1 · 107) for the standard uncertainty associated to any
of the unity factors multiplied to the measured isotopic ratios.
Comparison between direct IDMS and reverse IDMS for the input
quantities and experimental conditions specific to this project (the
conditions are set that, in case of reverse IDMS, the two kinds of
blends differ by less than 3%).as multiplicative K-factors to the measured ratios in eq1. More generally, they also showed that “the mass
spectrometer acts as a null detector and is insensitive . . .
to correlated uncertainties in the measurements of the
blends” [26]. Our results confirm that removing the
correction for mass discrimination effects (sizeable
0.45% per mass unit) on blend ratios would induce a
shift in the calculated Cd content of only 0.011% for
reverse IDMS calculations, whereas it would be of
Figure 3. Comparison of the results obtained for the measure-
ment of the Cd amount content in the 111Cd enriched Merck
reference material. The full line represents the average value. The
horizontal dotted lines and the individual vertical bars represent
expanded uncertainties (k  2). The uncertainty on the stability of
the material (change during the shelf life) was evaluated sepa-
Table 2. Certified values of 111Cd enriched Merck reference
material
Certified values
As reported (IRMM) Final (Merck)
mol Cd · kg1 sol 9.239 (32) · 105 9.24 (14) · 105
mol 111 Cd · kg1 sol 8.915 (27) · 105 8.92 (14) · 105
kg Cd · kg1 sol 10.250 (36) · 106 10.25 (16) · 106
kg 111Cd · kg1 sol 9.887 (30) · 106 9.89 (15) · 106
Isotope amount ratios
n(106Cd)/n(111Cd) 0.000 083 (83)
n(108Cd)/n(111Cd) 0.000 10 (10)
n(110Cd)/n(111Cd) 0.006 202 (81)
n(112Cd)/n(111Cd) 0.018 54 (24)
n(113Cd)/n(111Cd) 0.004 38 (12)
n(114Cd)/n(111Cd) 0.006 09 (24)
n(116Cd)/n(111Cd) 0.000 92 (21)
Amount fraction (%)
n(106Cd)/n(Cd) 0.008 0 (80)
n(108Cd)/n(Cd) 0.009 7 (97)
n(110Cd)/n(Cd) 0.598 4 (81)
n(111Cd)/n(Cd) 96.496 (59)
n(112Cd)/n(Cd) 1.789 (23)
n(113Cd)/n(Cd) 0.422 (11)
n(114Cd)/n(Cd) 0.587 (23)
n(116Cd)/n(Cd) 0.089 (21)
Molar mass
(g · mol1) 110.9459 (19)
All uncertainties indicated are expanded uncertainties Uc k · ucwhere
uc is the combined standard uncertainty calculated according to the
ISO/BIPM guide. They are given in parentheses and include a coverage
factor k  2. They apply to the last two digits of the value.The values
certified are traceable to the SI. Merck evaluated separately the uncer-
tainty of the stability of the material (change during the shelf life) and
incorporated this contribution to their final uncertainty statements.rately by Merck and incorporated at a later stage.
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have pointed out that dead time would have nearly no
effect in the case of reverse IDMS with well matched
blends. Corrections for dead time effects are correlated
as the same dead time value is used for both series of
results. Given the close to “exact matching” of our
measurement conditions and the similarity in matrix
characteristics between the two series of blend samples,
we considered the other corrections for additive effects
on measured intensities (instrumental background and
isobaric interference) to be correlated as well. Our
results show that the three types of corrections have
small effects on reverse ID-ICP-MS measurements (with
only a 0.06% shift of the Cd content value), whereas
not implementing these corrections on direct ID-
ICP-MS measurements would introduce a dramatic bias
of 4.2% in the case of our calculations. Contributions to
the combined uncertainty statement from standard un-
certainties on corrections for dead time effects or instru-
mental background can also be reduced significantly.
The relative combined uncertainty we achieved for this
certification was 0.35% (k  2), whereas we estimated it
to be  0.65% (k  2) in the case of the simulated direct
IDMS calculations. This is consistent with the predic-
tions of Milton and Wielgosz [26].
According to the law of propagation of uncertainty,
given f the functional relationship between a measur-
and and xi input quantities, partial derivatives 
f/
xi
are called “sensitivity coefficients” [21]. They indicate
the sensitivity of the results to small changes for a
particular input quantity. These coefficients (in absolute
terms) are identical for all the multiplicative unity
factors in eq 2, and we studied their evolution over a
wide range of blend ratios for the two types of IDMS
approaches (Figure 2). For reverse IDMS, the masses of
sample and assay material (for fixed masses of spike)
were changed while keeping the blends close to “exact
matching” conditions (less than 3% difference between
both series), whereas for direct IDMS only the sample
mass was progressively changed. As shown on Figure
2, the sensitivity coefficients obtained for the quantities
multiplied to the blend ratios are smaller in the first case
than in the second. Our simulations also suggest that
looking for the minimum value achievable for these
sensitivity coefficients could be considered as an opti-
mization tool for the estimation of the target blend ratio
values. Under the conditions of our calculations, the
“sensitivity coefficient” was at best 1000 times smaller
in the case of close to “exact matching” reverse IDMSiCorrection for Procedural Blank
An obvious advantage of the reverse ID approach is
that only one ratio of the spiking material (Ry in eq 1)
must be known. However, the reverse IDMS scheme for
the characterization of the isotopically enriched mate-
rial represents a special case. It is extremely likely that
contamination of the samples prepared, whenever it is
taking place, is by natural Cd. Thus, the term BBlk in eq
1 must be developed and the isotopic composition of
the spiking material (also natural Cd) must be taken
into account.
Blank corrections are evaluated for both types of
blends separately and subsequently combined. For the
first set of blend solutions (i.e., isotopically enriched
Merck material and natural Cd) the correction applies
to the concentration of the natural Cd solution used as
a spike (eqs 3 and 4). For the second set of blend
solutions (i.e., natural Cd and IRMM-621) the correc-
tion applies to the concentration of the natural Cd
solution used this time as a sample (eq 5). Combina-
tion of 3, 4, and 5 gives the final relationship (eq 6,
extended version of eq 1), for the calculation of the Cd
amount content in an isotopically enriched sample
using reverse IDMS with corrections for contamination
from natural Cd.
CxCy ·
my
mx
·RyK ·RM1K ·RM1Rx · i Rxii Ryi (3)
CyCy
′ CB1 ·
mB1
my
(4)
′ mz RzK ·RM2 i Ryi mB2
Figure 4. Comparison of the results obtained for the measure-
ment of the n(112Cd)/n(111Cd) ratio in the 111Cd enriched Merck
reference material. The full line represents the average value. The
horizontal dotted lines and the individual vertical bars represent
expanded uncertainties (k  2).than for direct IDMS.
CyCz ·
my
′ ·K ·RM2Ry · i RziCB2 my′ (5)
CxCz ·
my
mx
·
mz
my
′ ·RyK ·RM1K ·RM1Rx ·RzK ·RM2K ·RM2Ry · i RxiRziRyK ·RM1K ·RM1Rx · i RxiRyi ·cB1 · mB1mx  cB2 · mB2my′ · mymx (6)i
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corresponding to the preparation of series of blends M1
and M2, respectively.
All blank solutions (for the series of blend sample, as
well as for the series of nonspiked sample) were always
measured first to avoid the risk of a cross contamination
with any other sample. Eventually, the contamination
with natural Cd was found to be very low as the
correction term in eq 6 represented only 0.001% of the
value calculated for Cx.
Determination of the Cd Amount Content
and Isotopic Composition
Certified values are described in Table 2. The amount
content was the average of eight individual determi-
nations in very good agreement with each other
within combined uncertainties (Figure 3). The rela-
tive combined uncertainty on the mean value (0.17%,
k  1) was much better than the initial target range.
Although it did not include the stability of the
material (change during the shelf life), as this was
evaluated separately by Merck, it was  two times
greater than the experimental relative standard devi-
ation of the mean (0.08%) of the replicates in Figure 3.
This indicates that all significant sources of uncer-
tainty have probably been correctly taken into ac-
Table 3. Uncertainty components contributing to the estimated
for the 111Cd enriched Merck reference material (Uc  0.35%; k 
the shelf life) is not taken into account as it was evaluated separa
s.u. on abundance values for 111Cd and 112Cd isotopes (from I
solution used both as spike material and for determination 
s.u. on the certified value of the Cd amount content in the IRM
Repeatability of the isotope ratio measurements in the IDMS 
s.u. on the certified value of the n(112Cd)/n(111Cd) in the IRMM
s.u. on the metrological weighing data
Various
s.u.: standard uncertainty.
Table 4. Uncertainty components contributing to the estimated
certified by IRMM for the 111Cd enriched Merck reference materi
n
(U
s.u. on abundance values for 111Cd and 112Cd isotopes
used for calculation of ratio for determination of the
mass discrimination effects (natural Cd, from
IUPAC, col. 9; Ref. 16) 
s.u. on correction for dead time effects
s.u. on correction for instrumental background
Repeatability of the isotope ratio measurements in
Merck samples
s.u. on correction for Sn interference on Cd isotopes
Variouss.u.: standard uncertainty.count, and it is also a validation of the method we
developed [29].
For the determination of the isotopic composition,
there was an excellent agreement for all ratios be-
tween the results of the within- and between- bottle
comparisons as shown in Figure 4 for the  n(112Cd)/
n(111Cd) isotope ratio. The expanded uncertainties (k
 2) on the main ratios were between 1.3 and 4.0%.
The uncertainty budgets for the determination of
the Cd amount content and isotopic composition are
presented in Tables 3 and 4, respectively. The uncer-
tainty on the natural Cd isotopic composition (IU-
PAC, col. 9, Ref. 16 ) was dominating in both cases
(59% of the Uc for Cd amount content and up to 98%
for the isotopic composition determination). How-
ever, for the measurement of the amount content this
contribution does not come from the correction for
mass discrimination effects, but from the use of the
natural Cd solution as spike material. Removing the
correction for mass discrimination effects does not
have an effect either on the estimated combined
uncertainty (0.32% instead of 0.35%) or on the contri-
bution (61% instead of 59%) of the uncertainty on the
IUPAC data (for 111Cd and 112Cd abundance) to this
estimation.
The repeatability on the n(112Cd)/n(111Cd) isotope
ratio measurements was in the range 0.05– 0.3% (n
nded uncertainty on the mass fraction value certified by IRMM
he uncertainty on the stability of the material (change during
by Merck and incorporated at a later stage
Contribution
C, col. 9; Ref. 16) in the natural Cd
e mass discrimination effects 59.0%
21 material 17.9%
 samples 9.6%
material 6.1%
2.1%
5.3%
nded uncertainty on the major isotope amount ratio values
Contribution
d)/n(111Cd)
1.3%; k  2)
n(112Cd)/n(111Cd)
(Uc  1.3%; k  2)
n(114Cd)/n(111Cd)
(Uc  4.0%; k  2)
92.4% 94.7% 98.1%
2.9% 2.8% 0.3%
0.1% 0.0% 0.0%
3.7% 1.2% 0.2%
0.0% 0.3% 0.1%
0.9% 1.0% 1.3%expa
2). T
tely
UPA
of th
M-6
blend
-621expa
al
(110C
c 
715J Am Soc Mass Spectrom 2005, 16, 708–716 ICP-MS APPLIED TO AN ISOTOPICALLY ENRICHED Cd4) for the blend samples using the Element2, whereas,
as expected, it was worse (0.3– 0.7%; n  6) in the
nonspiked samples using the Elan 6000. The way
reverse IDMS was applied in this project led to a low
combined uncertainty, of which repeatability of iso-
tope ratio measurement in blend samples accounted
for nearly 10%. This moderate contribution indicates
that the Element2 was the most appropriate choice for
these measurements, as the Elan 6000 would have
had a greater impact on the final combined uncer-
tainty calculations. On the contrary, for the determi-
nation of the isotopic composition the repeatability
on isotope ratio measurements only contributed 0.2–
3.7% of the Uc on the main ratios. Here, the perfor-
mance of the Elan 6000 was not a limiting factor and
was thus preferable to the Element2 because of the
simpler correction for mass discrimination effects,
absence of interference from polyatomic species and
comparative easiness of data processing. Finally, it
must be noted that the repeatability on the n(108Cd)/
n(111Cd) and on the n(106Cd)/n(111Cd) isotope ratio
measurements deteriorated to an extreme of 12%
with the Elan 6000, because of low counting rates for
the low abundant 106Cd and 108Cd isotopes. Ex-
panded uncertainties (k  2) associated with those
ratios were conservatively increased to 100%. These
large uncertainties on such small ratios (1·104) did
not affect significantly the final combined uncertainty
of the amount content, i.e., it only increased it to
about 0.01%.
Hence, our results confirm that, under appropriate
measurement conditions, reverse IDMS is more robust
than direct IDMS to various ICP-MS specific effects
including mass discrimination, dead time, instrumental
background, and isobaric interference. It has also the
potential for low combined uncertainties on the results
achievable with single detector ICP-MS and not neces-
sarily with more complex instrumentation (multiple
detector ICP-MS or TIMS). However it involves a priori
more sample preparation, instrument time, and calcu-
lations than direct IDMS.
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